[1] During November 11 -16, 2003 , the interplanetary magnetic field (IMF) B z oscillated between northward and southward directions, which suggests discontinuous magnetic reconnection associated with the multiple pulseslike reconnection electric field. The Jicamarca incoherent scatter radar (ISR) measurements of ionospheric zonal electric field showed similar fluctuations during this period. The high correlation coefficient of 0.71 between the reconnection electric field and equatorial zonal electric field during 125 hours suggests that the interplanetary electric field (IEF) pulsively penetrated into the equatorial ionosphere due to the discontinuous magnetic reconnection. It is implied that the short lifetime (<3 hours) dawn-dusk IEF pulses can penetrate into ionosphere without shielding, in other words, they may exhibit the ''shielding immunity''. The averaged penetration efficiency is about 0.136 and highly local time-dependent. Furthermore, the intense AU and AL indices imply that the multiple electric field penetration is associated with a ''High-Intensity Long-Duration Continuous AE Activity (HILDCAA).'' Citation: Wei, Y., M. Hong, W. Wan, A. Du,
Introduction
[2] The coupling process between interplanetary electric field (IEF) and electric field in the mid-and low-latitude ionosphere, so-called ''prompt electric field penetration'', has been extensively studied [e.g., Kelley, 1989; Wolf et al., 2007] in the past several decades. According to the patterns of IMF B z , the prompt penetration of IEF can be classified into ''single penetration'' and ''multiple penetration'', respectively, which are caused by (1) a southward or northward abrupt reversal, and (2) oscillating between northward and southward directions. A southward turning of the IMF B z causes plasma convection to enhance through magnetic reconnection, which may create ''undershielding'' effect. This electric field coupling process typically lasts from tens of minutes [e.g., Senior and Blanc, 1984; Fejer et al., 1990] up to several hours [Huang et al., 2005] . Note that the penetration caused by northward turning of IMF B z will not be discussed in this paper. For the oscillating IMF B z condition, the alternating polarity can excite discontinuous magnetic reconnection leading to a multiple pulses-like reconnection electric field. Therefore, the electric field due to penetration over the equator appears to be multiple pulses.
[3] It is well known that the inner magnetosphere acts like a shielding system to prevent the plasma of outer magnetosphere and its associated electric field from penetrating inside [e.g., Kelley et al., 1979; Wolf et al., 2007] . The shielding electric field associated with charge accumulations arises slowly comparing to instantaneous changes of IEF or IMF B z . If the lifetime of a southward pulse in IMF B z is sufficiently short, the shielding electric field does not have enough time to develop to effectively cancel out the IEF, then the corresponding IEF pulse may acquire an ''immunity'' from the shielding process and penetrates to middle and low latitudes. The previous studies [e.g., Earle and Kelley, 1987; Nicolls et al., 2007] suggested that the ring current acts as a high pass or band pass filter allowing the IEF fluctuation, whose period is less than a few hours, to directly penetrate into the equatorial ionosphere without shielding. There have been at least two reported multiple penetration events that support this conclusion : February 17-18, 1976 Earle and Kelley, 1987] and April 17, 2002 [Kelley et al., 2003] .
[4] The equatorial electric fields are mainly due to the neutral wind including both the quiet and disturbed dynamos [Blanc and Richmond, 1980] and also to the prompt penetration electric fields [e.g., Scherliess and Fejer, 1999] . As discussed by Earle and Kelley [1987] , when K p is larger than 3 and the periods of IEF fluctuations are less than a few hours, the electric fields of magnetospheric sources generally dominate over those of atmospheric sources at Jicamarca. Therefore under this condition, the penetration electric field can be discerned from the observations through the similarity between the IEF and the equatorial electric field, as long as the penetration electric fields are notable enough. On the other hand, based on the observations at Jicamarca, a series of equatorial vertical drift models [e.g., Fejer and Scherliess, 1997; Scherliess and Fejer, 1999] for both quiet and disturbed conditions have been developed. These models can treat the penetration electric field and neutral wind electric field as two individual parts.
[5] This paper reports a long lasting multiple electric field penetration event observed by the Jicamarca incoherent scatter radar (ISR, 11.9°S, 76.8°W, Dip latitude 1°N) during November 11 -16, 2003 . The observations show that many pulses in both the IEF and the equatorial electric field appear to be similar, which indicates that the oscillating IEF has pulsively penetrated into the equatorial ionosphere during the entire time interval ($125 hours), while the oscillating periods are relatively short (<3 hours).
Observations
[6] Figure 1 shows the IMF B z , solar wind speed V x , IEF E y , the geomagnetic activity indices AU and AL, and the symmetric ring current index SYM-H on November 11 -16, 2003. The solar wind data (in GSM coordinates) were measured by the ACE satellite, which was located near the L1 point. During this period, the solar wind speed varied from 600 to 850 km/s. There appear to be a lot of bipolar fluctuations in IMF B z within À10 $ 10 nT, and the oscillation periods are less than 3 hours. The SYM-H index, which is essentially the same as D st but with a 1-min resolution, was less than À60 nT, indicating the absence of intense magnetic storms. The AU and AL indices remained at a high level, implying highly intense auroral electrojets. The Jicamarca ISR, which can provide observations of the equatorial electric field in F-region, was operating from 1200 UT on November 11 to 1700 UT on November 16. The instantaneous time-shift values are calculated for each data point, according to the solar wind speed and the distance between the L1 point and the dayside magnetopause (assuming at 10 Re). A constant additional time lag $25 minutes is then considered to match the sharp enhancement of solar wind speed and the increase of SYM-H at 0600 UT on November 15, where a storm sudden commencement (SSC) occurred. This additional lag may correspond to the retardation of the solar wind by the bow shock and subsequent acceleration of the solar wind in the magnetosheath.
[7] The dawn-dusk component of IEF, E y, calculated from E y = V x B z , is seen to oscillate with periods less than 3 hours in accordance with the IMF B z . The reconnection electric field is derived from E r = V x (B y 2 + B z 2 ) 1/2 sin 2 (q/2) [Kan and Lee, 1979] , where the q is the IMF clock angle in the Y-Z plane in the GSM coordinate system, with 0°and 180°indicating northward and southward IMF, respectively. Figure 2 shows the oscillating E y /7 (green) and multiple pulses-like E r /7 (red). The factor 1/7 is an approximate penetration efficiency of the electric field, which will be discussed later. The averaged values over the height range of 300-495 km measured by Jicamarca ISR are used to derive the zonal electric field E j (Figure 2, black) over the equator. The ACE data with 64-seconds resolution have been interpolated to match the Jicamarca data (5-minutes resolution), and have been slightly smoothed. In addition, we have used the empirical model of Fejer and Scherliess [1999] (F-S model) to estimate the equatorial electric field E m (Figure 2 , blue) including penetration component, disturbance dynamo, and quiet time electric field.
[8] It is found that most of the pulses in E y and E r vary in phase with those of E j , and the averaged K p is around 5 (not plotted here), which implies that the pulses of IEF have penetrated into the equatorial ionosphere. Under a dawndusk/dusk-dawn (positive/negative) IEF, the penetration electric field at the equatorial ionosphere is eastward/westward (positive/negative) on the dayside as well as westward/eastward (negative/positive) on the nightside, and subsequently has a positive/negative correlation with the IEF on the dayside/nightside, respectively. In order to easily calculate the correlation coefficient between the two electric fields during entire 125 hours, the intervals of E y and E r corresponding to the nightside (marked 'N' in Figure 2 ) have been replaced by ÀE y to satisfy an assumption that penetration electric field has always positive correlation with IEF or reconnection electric field as on the dayside. We change E y instead of E j because the latter one has included background electric field produced by neutral wind dynamo and other sources, which are independent of penetration process. The criterion for choosing the start and end points of these intervals is that the pulses near terminators in both the E r and the E j should match. These points vary every day, from 1 -3 UT (20 -22 LT) to 10-13 UT (5 -8 LT), and the intervals are about 7 -10 hours. The day-to-day variance may be caused by direction of the high-latitude ionospheric electric field mapping from the magnetosphere and the day-night gradient of ionospheric conductivities. The slightly temporal or/and spatial displacements between some pulse pairs can be attributed to possible inaccurate time shift that are caused by large changes in the solar wind during the long distance travel between the ACE and the earth, and/or the bow shock effects such as retardation. The correlation coefficient between E r and E j is 0.71, which is an excellent value for such a long time. The F-S model represents quite well, especially on the dayside, the correlation coefficient between E j and E m is 0.68.
[9] The penetration efficiency is also an important index to evaluate the electrodynamic coupling between the solar wind and magnetosphere/ionosphere. As for the penetration efficiency on dayside, Kelley et al. [2003] have defined E j / E y as the efficiency, and derived an efficiency of 0.067 for the case on April 17, 2002 . Huang et al. [2007 have presented a linear relation between the increments of both E j and E y as DE j = 0.096 DE y À 0.263 based on their statistical work. Their methods may not be suitable for our case, because of the following facts: (1) the efficiency is highly local time-dependent; and (2) E j is mainly controlled by E r instead of E y . A least-square analysis of E r and E j reveals a relation E j = 0.136E r À 0.015 (Figure 3) . The penetration efficiency 0.136 stands for averaged value of both day and night during the entire 125 hours, and appears reasonable compared to previous results. For this reason, we have used an approximate factor of 1/7 in Figure 2 .
[10] Figure 4 shows the four electric fields on November 15 as an example to reveal some details. The correlation coefficients between E r and E j for 0000-1200 UT, 1200-2400 UT and 0000 -2400 UT are 0.81, 0.85 and 0.82, respectively. The eastward equatorial electric field and dusk-dawn E y are notable during 0400 -0600 UT, which may imply the overshielding effect or/ and disturbance dynamo. The similar structures also appear on the nightside of November 12 -14. The penetration efficiencies for 0000 -1200 UT, 1200 -2400 UT and 0000-2400 UT are 0.154, 0.090 and 0.129, respectively, and the 0.090 is consistent with the statistical result of Huang et al. [2007] for the dayside. The efficiencies are highly local time-dependent, and are larger on the nightside than on the dayside. The F-S model reconstructs the dayside electric field quite well, but loses for the rapid and large changes on the nightside (0600 -0900 UT).
Discussion and Conclusions
[11] This multiple electric field penetration event reported in this paper lasts for 125 hours, which is the longest one of the reported cases up to now. However, this timescale is different from the lifetime of single penetration, because the multiple penetration can be treated as a series of shortly lived single penetration. The short lifetime dawn-dusk IEF pulses may exemplify the ''shielding immunity'' to the electric field shielding effects caused by charge accumulations in the inner magnetosphere, which need time to achieve effective shielding status after an abrupt southward turning of IMF B z . However, the threshold between ''short'' and ''long'', which is generally a few hours and dependent on the status of interplanetary conditions and magnetosphere/ionosphere system, still remains unclear.
[12] The correlation coefficient of the entire event is 0.35 between E y and E j , but is 0.71 between E r and E j , suggesting that the magnetic reconnection may play an important role in electric field penetration. The high correlation may be caused by the periodical variations in the reconnection electric field, of which the 24-hours period is coincidently similar to those of neutral wind electric field at Jicamarca. Nicolls et al. [2007] suggested the weak resonance in the response of the equatorial field to the IMF. The short oscillating period (a few hours) of IMF/IEF, and the penetration efficiency (0.136) in this event may support their conclusion. There are also some cases that the duskdawn pulse of IEF seemingly correlated with the variations of Jicamarca electric field (e.g., 1230 UT on November 11 and 0500 -0800 UT on November 14). However, the electric field penetration under northward IMF B z is weak and more complicated, and these variations observed by the radar in these cases may be caused by other processes such as the disturbance dynamo, thus we will not discuss these variations further here.
[13] The AU and AL indices in this event show the socalled ''High-Intensity Long-Duration Continuous AE Activity'' (HILDCAA) feature defined by Tsurutani and Gonzalez [1987] , of which the intense AU and AL are mainly controlled by the high-latitude electric field rather than related to the substorm expansion phase. Therefore the result of the F-S model, which takes the AE as one of the input parameters, is seemingly reasonable. However, the F-S model obviously underestimates the equatorial electric field on the nightside. The pulsive nature of the electric field penetration indicates an intermittent input of solar wind energy to the magnetosphere, and the SYM-H appears to respond to the penetration electric field, though its magnitude is moderate, which will be studied in our future work.
[14] In conclusion, under the short period oscillating IMF B z , the IEF can pulsively penetrate into the ionosphere. This penetration can occur as long as the IMF B z oscillates between northward and southward directions, which can last for a long time, as shown in this paper for the November 11 -16 2003 event. The multiple electric field penetration suggests that the short lifetime dawn-dusk IEF pulses bear the ''immunity'' to shielding effect. The good correlation between the reconnection electric field and equatorial ionospheric zonal electric field suggests that the electric field penetration is controlled by the magnetic reconnection process. The penetration efficiency is about 0.136 and highly local time-dependent. The high AU and AL imply that the multiple electric field penetration is associated with HILDCAA.
